Optic nerve sheath diameter ultrasonography as a means for noninvasive determination of intracranial pressure (ICP) is a technique recently receiving consideration in the intensive care and emergency medicine literature [1] [2] [3] [4] . The concept of a noninvasive, readily available technique to perform at-thebedside, point-of-care determination of ICP is an attractive means of early identification and potentially objective management of intracranial hypertension, especially in resourceconstrained or austere environments.
Optic nerve sheath diameter ultrasonography as a means for noninvasive determination of intracranial pressure (ICP) is a technique recently receiving consideration in the intensive care and emergency medicine literature [1] [2] [3] [4] . The concept of a noninvasive, readily available technique to perform at-thebedside, point-of-care determination of ICP is an attractive means of early identification and potentially objective management of intracranial hypertension, especially in resourceconstrained or austere environments.
Current usage of ultrasound for optic nerve sheath diameter (ONSD) has focused on perioperative assessment in the neurosurgical community, as well as both intensive care unit (ICU) and emergency department (ED) based correlations to invasive dynamical intracranial ICP monitoring. Pre-and postoperative assessment of ONSD in neurosurgical patients, responsiveness of ONSD to fluctuations in ICP, suggesting the validity of the concept and to some supporting further use of this technique 6, 7 . Despite these promising results with the technique of ONSD ultrasonography in vivo, concerns surrounding the normal ranges for ONSD, accuracy of measurements, variation between observers, and reliability of changes in ONSD in response to changes in ICP have been raised.
Given the aforementioned concerns about the current literature supporting the use of ONSD ultrasound for determination of ICP, we perceived a need to construct a novel model for research and teaching ONSD ultrasound 8 . The necessary criteria were to be able to display realistic ultrasound images that closely resemble those in vivo 8 . Our goal was thus to create a model to determine the intra-and inter-operator variability of ultrasound for ONSD in a controlled environment, in order to properly define the difficulties with this technique and guide further ultrasound training by constructing a platform for practice and instruction.
Within this manuscript, we describe the second phase of our study where we first evaluate the model with ultrasound and then utilize it to define intra-and inter-operator variability with ultrasound for ONSD.
METHODS

Model Construction
Utilizing our previously described techniques, we created models of the globe and optic nerve sheath complex out of gelatin and 3D printed (Zprinter 650, 3D Systems, Rock Hill, SC) resin-coated plaster discs 8 . The globes were formed using a one inch spherical baking mold (Chicago School of Mold Making, Oak Park, Il). The 3D printer discs were made to 2 mm thickness with varying diameters, and the acoustic shadow produced by these represent the entire optic nerve complex in the model. Various colored dyes were added to the 3D discs in order to distinguish between disc sizes. The color-coding was blinded to all operators throughout both phases of the study. All models were placed in a background of gelatin which had sugar-free psyllium powder added to provide acoustic contrast between model and background. An example of our model and the ultrasound technique can be seen in the Figure. For measuring intra-operator variability with an expert operator, we constructed eight different models with disc sizes measuring: 2.30 (A), 4.90 (B), 5.12 (C), 5.22 (D), 5.34 (E), 5.44 (F), 5.54 (G) and 7.70 (H) mm. All models were assigned letters. These eight different discs sizes were specifically chosen to represent the lower to upper limit of normal ONSD measurements previously defined in the literature 3 with the majority of discs (five) clustered around 5 to 5.5 mm, as this has been described as the cutoff for raised ICP 2 . In doing so we hoped to determine the operators ability to discern amongst models of similar ONSD.
For determining inter-operator variability, we again constructed eight models with ONSD measuring: 2.30 (I), 2.90 (II), 3.50 (III), 4.00 (IV), 4.50 (V), 6 .00 (VI), 7.00 (VII), and 7.70 (VIII) mm. All models were assigned Roman numerals. These disc sizes were also chosen to represent the range of the previously defined normal spectrum.
Ultrasound Technique
Using standard ultrasound techniques for measuring ONSD 1,9-13 , we utilized the 13-6 MHz linear array ultrasound transducer (L25x transducer, Sonosite Corp, Bothell, WA) and a portable ultrasound unit (Sonosite M-Turbo, SonoSite Inc, Bothell, WA) to conduct all ONSD measurements throughout the study. The ultrasound probe was held perpendicular to the model construct and using a small amount of ultrasound gel, images were acquired. Once the globe and shadow created by the 3D disc (representing the optic nerve sheath) were displayed, the diameter of the disc shadow was measured at 3 mm behind the globe 8 . This diameter was recorded as the ONSD for the model.
Intra-operator Variability
Our initial trials suggested an intra-cluster correlation coefficient (ICC) of 0.24 for intra-rater reliability of a single rater. Based on these initial trials and assuming the true value of ICC may be as high as 0.9, we calculated we would require eight different discs with ten measurements per disc by a single blinded rater to achieve a power of 80% when calculating the true intra-rater ICC. A single operator, experienced in the measurement of ONSD, both in vivo and with our model, was used for the entirety of this part of the study. We aimed to determine intra-operator variability and any linear relationship between disc shadow measurement and actual disc size.
Inter-operator Variability
Utilizing the assumption that the inter-rater reliability would be similar to the intra-rater reliability, we calculated we would require seven raters measuring eight different discs with two measurements per disc to achieve a power of 80% to calculate the true inter-rater ICC. Using the previously mentioned eight models for ONSD constructed for assessment on inter-operator variability, two measurements were made per model. Models with disc sizes within a mm of one another were selected in order to represent sizes of literature described "normal", and to evaluate the technique with more difficult to discern representations of ONSD. A total of seven different operators were used. All of these operators, except one, were considered novice with the technique of ONSD ultrasound, yet all had experience with point-of-care critical care ultrasound.
Statistical Analysis
All the statistical analysis was performed using SAS 9.2 (SAS Institute, Cary, NC), using the Proc Mixed procedure. For the intra-operator variability analysis, we used a two-level linear model with measurements nested under disc, and the sizes of the disc as the only independent variable. The intra-operator correlation coefficient (ICC) was calculated as the percentage of variation due to the disc size over total variation. A linear regression model was used to assess correlation between disc acoustic shadow and actual disc size. For the analysis of interoperator variability, we utilized a three-level hierarchical linear model, with Operator at the top level, disc size at the middle level and the measurement at the lowest level, and the disc size as the only independent variable. The inter-operator correlation coefficient was calculated as the percentage of variation due to operator (top level) over total variation, and the intra-operator correlation coefficient is the percentage of variation due to disc size (level 2) over total variation.
Correlation at the level of the measurement represents the relationship of the acoustic shadow measure to the object of interest, the disc diameter. Correlation at the level of the disc represents the reliability of repeat measurement of the same model in any given operator. Finally, correlation at the level of the operator refers to the relationship between multiple operators on a given model, and described correlations of measurements between operators.
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RESULTS
Intra-operator Variability
The mean for the ten measurements of ONSD are shown in Table 1 . The intra-cluster correlation coefficient value for intraoperator variability was determined to be 0.643.
Throughout the analysis of the mean measured ONSD and the actual disc size, we were able to determine a linear relationship between the measured shadow size on ultrasound and the actual 3D disc diameter. This relationship could be expressed as:
Measured Shadow Size (mm) = (1.11 x actual disc size) -0.1
Inter-operator Variability
For the inter-operator variability portion of the study, seven operators were used to measure eight different models of ONSD two times each ( Table 2 ).
The mean ONSD measurements (and standard deviations) for each model I -VIII across all operators can be seen in Table 3 . Overall, the accuracy of measurements can be estimated as +/-0.11 to 0.22 mm across all operators.
We analyzed the data utilizing a 3-level linear statistical model, with levels at the shadow measurement, actual disc size, and the operator.
A very strong relationship was found between the actual disc diameter and the shadow as measured by ultrasound, with a regression coefficient of 0.985 (p-value <0.01). This indicates the shadow measured via ultrasound with our model accurately predicts the actual disc size.
At the level of the disc, with two measures occurring per model (per operator), there was moderate correlation found between measurements with an intra-cluster correlation coefficient of 0.453. This indicates a moderate correlation between the measures of the same model of ONSD by an Letters A-G represent operator designation. Size in brackets beside disc name represents actual disc measure. cm=centimeters. individual operator. The remaining variation in measurements, 0.547, is due to random measurement error. Finally, at the top level, the level of the operator, the intercluster correlation coefficient value was 0. Thus, multiple measures of a model by a single operator are essentially the same as one measurement taken by multiple operators of the same model.
DISCUSSION
Point-of-care ultrasound techniques have become critical in the management of ED and ICU patients. The ability to quickly obtain qualitative and quantitative data at the bedside, with ever improving image resolution has afforded us the ability to implement, with increasing confidence, aggressive management in critically ill patients prior to results of laboratory and invasive investigations.
Early objective quantification of ICP however has been difficult without invasive intracranial monitoring or cranial imaging. Given that the eyes provide "a window to the brain", the application of ultrasound for ONSD measurements and its correlation to ICP have recently been appearing in the literature. Concerns over the range of normal, cutoff values for increased ICP, intra-and inter-operator variability, reactance of the optic nerve sheath to increase in ICP, and learning curve with the technique have been raised.
To date, studies utilizing a small number of healthy control subjects have attempted to define the normal mean of 5.4 mm (range of 4.3 -7.6 mm) 3 . Literature on small cohorts of patients with intracranial pathology and invasive monitoring has suggested cutoff values of ONSD that predict elevated ICP to be around 5 mm or higher 2 , contradicting assessments of normal ranges for ONSD in healthy subjects 3 . Recent meta-analysis suggests the sensitivity and specificity of ONSD ultrasonography to detect elevated ICP at 90% and 85% respectively, suggesting up to 10% of patients with significant ICP issues will be missed with this technique 1 . Intra-and Interoperator variability assessments thus far have focused on small numbers of expert ultrasound operators measuring ONSD in a small number of patients. Intra-observer reliability between 0.92 and 0.97 3 , while inter-observer reliability with a Pearson correlation of 0.81 3 and a mean inter-observer ONSD variation of 0.1 to 0.4 mm 2-4 have been reported. Given the concerns around existing literature, we attempted to assess the technique of ONSD ultrasonography utilizing the creation of a novel model and determining the intra-and interoperator variability. Our model relies on a solid disc creating an acoustic shadow that in turn recreates an image that mimics the ultrasound appearance of an optic nerve sheath 8 . Previous evaluations of the model support that the resultant ultrasound images are comparable to those obtained in vivo 8 . Therefore in the current paper we attempted to further evaluate the models capabilities by defining the intra-and inter-operator variability with ultrasound for ONSD in our model. Our goal was to define the variability with the technique in a controlled environment in order to properly understand the difficulties with the technique and potentially provide a platform for instruction in the future.
In our analysis, there was a direct linear relationship between the actual disc size and measured ONSD shadow on ultrasound indicating the reliability of the images produced with our model via ultrasound. This was confirmed in the inter-operator variability portion of the study with a statistically significant regression coefficient of 0.985 (p-value <0.01) for disc size to measured ONSD shadow size. Both of these results implicate the potential usefulness of our model for reliable and reproducible results in a controlled setting. As a result, our model represents the first simulation platform in the literature for ONSD ultrasonography, now with validated reliability.
Three important conclusions on the technique of ONSD ultrasonography can be drawn from our data. First, we displayed an intra-cluster correlation coefficient of 0.643 for a single experienced ultrasound operator. This indicates moderate intraoperator reliability of multiple measurements with the technique of ONSD ultrasound, and demonstrates a 36% rate of random error associated with measurements. This value for the intracluster coefficient is considerably lower than that previously described in the literature by "expert" operators conducting a small number of measurements in vivo 2 . We believe our intracluster coefficient is lower due to the large number of measurements, and the similar disc sizes clustered around 5 to 5.5 mm. Given the large sample size and controlled environment (excluding patient factors as seen in vivo) in our study, there is a higher likelihood that our coefficient is closer to the real value. It is quite possible, given the previous studies, that with the small sample sizes measured, the intra-cluster coefficients approaching 0.972 could be due to chance. The large number of discs with similar sizes utilized in our study was designed to simulate the "cutoff" value for elevated ICP. Given the intra-cluster correlation coefficient of 0.643, it is possible this value stems from the difficulty with discerning among discs of similar size (less than 0.5 mm difference). Similarly, for novice operators the intra-cluster correlation coefficient was 0.453 across all operators, indicating a 55% random error associated with measurements. With these results for intra-cluster correlation with a single experienced and multiple novice operators, we are able to show that there is a learning curve for ONSD ultrasonography and potential for improvement in intra-operator variability between novice and expert operators, further indicating the need for a simulation platform to guide instruction on the challenging technique. In addition, we also demonstrated the random measurement error associated with the technique to still remain significant even in the setting of an experienced operator and a controlled environment. Therefore, it can be expected that in vivo such random measurement error would likely be higher.
Second, the overall accuracy of measurements amongst all operators was +/-0.11 to 0.22 mm, indicating a relatively small standard deviation between multiple measurements of ONSD in any given model. Given the currently defined 3 normal range of ONSD measurements in vivo to be 4 mm to 7 mm, we need high accuracy to differentiate normal from abnormal ONSD measurements. The accuracy described in our study closely resembles that previously described at 0.1 to 0.4 mm [2] [3] [4] . Third, the inter-cluster correlation coefficient was 0 for all operators. This indicated that there was no difference between a single operator measuring the ONSD of a given model multiple times and multiple operators measuring the ONSD one time each. Thus, for our group of novice operators, there was no appreciable difference between them in conducting ultrasound for ONSD. Subsequently, one can extrapolate this to mean that amongst experienced operators there will also be no appreciable difference between their measurements of ONSD.
Despite the important results of our study, there are some limitations. First, all of the data surrounding the intra-and interoperator variability was determined in the controlled setting of a model. This was by design, in order to reduce the error of ONSD measurements found in vivo related to patient factors and time constraints. Thus, it is difficult to extrapolate the data to in vivo application. However, one could predict the variability and random error to be worse in vivo. In vivo variation could potentially be amplified by anatomical variations, due to optic nerve pathology and proptosis for example. Furthermore, in vivo variation secondary to rolling eye movements and rapid fluctuation in ICP cannot be recreated by our model. Second, the random measurement error could be secondary to our model and not the technique of ONSD ultrasonography. Though this may be true, our data supporting the very strong relation of shadow size to actual disc size suggests our model is reliable, and the error is likely associated with the operator. Finally, the use of novice operators to determine inter-operator variability may have produced data that does not extrapolate to experienced operators, however given that this technique is still considered by most to be 'experimental', finding a large cohort of 'experts' presents a challenge for this type of study.
With the creation of this novel model of ONSD for ultrasonography and the determination of intra-and interoperator variability associated with its use, we believe this is possibly a viable simulation platform for instruction of this challenging technique and that simulation should be considered prior to in vivo application of ONSD ultrasound measurement. Ideally, such standardization of technical factors will assist in the performance of a well-designed prospective clinical trial to evaluate the benefits of ONSD ultrasound to patient outcome.
CONCLUSIONS
Utilizing a novel model for ONSD ultrasonography, we have determined the intra-operator reliability of ONSD measurement to be moderate, with no appreciable difference amongst multiple operators. Improvement in measurement reliability has been demonstrated between expert and novice operators with our model, indicating the potential benefit of simulation platforms to teach the technique of ONSD ultrasound.
